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I. INTRODUCTION
One of the important advantages of density functional theory ͑DFT͒ consists in its efficient treatment of the Coulomb correlation in many-electron systems. The correlation energy functional E c ͓͔ as well as the more general exchange-correlation energy functional E xc ͓͔ are represented in DFT with the following integrals:
E xc ͓͔ϭ ͵ e xc ͓͔͑;r͒dr,
͑2͒
E c ͓͔ϭ ͵ e c ͓͔͑;r͒dr,
͑3͒
e xc ͓͔͑;r͒ϭ͑r͒⑀ xc ͓͔͑;r͒, ͑4͒ e c ͓͔͑;r͒ϭ͑r͒⑀ c ͓͔͑;r͒. ͑5͒
Here, E x ͓͔ is the exchange energy functional, preferably defined in terms of the Kohn-Sham orbitals, e xc and e c are the exchange-correlation and correlation energy densities, ⑀ xc and ⑀ c are the corresponding energy densities per particle and is the electron density. Modeling of ⑀ c ͓͔͑;r͒ with approximate functionals became an essential part of the development of DFT. 1, 2 Usually, approximate functional forms of ⑀ c ͓͔͑;r͒ are derived from the homogeneous or inhomogeneous electron gas models 3 with due account of various scaling and asymptotic properties and with the parameters fitted to reproduce E c values for selected atomic systems. The parameters can also be obtained nonempirically from sum-rule conditions. 4 However, the form of ⑀ c as a function of the electron coordinate r is seldom taken into consideration and little is still known about the local behavior of the standard ⑀ c models.
A possible reason for this is that Eq. ͑3͒ does not define e c uniquely, since the same E c value can be obtained with different functionals e c ͑r͒ and e c Ј(r) ϭ e c (r) ϩ f (r) whose difference f ͑r͒ integrates to zero ͵ f ͑ r͒drϭ0.
͑6͒
Nevertheless, in order to perform a consistent analysis of correlation effects and to provide a physically reasonable modeling of ⑀ c , one can choose some suitable definition of ⑀ c ͑r͒ using a particular expression for E c in terms of a spatial integral over an integrand that is expressed in terms of partially integrated many-electron wave functions. Examples of accurate ⑀ c ͑r͒ obtained in this way for a variety of atoms and molecules, although nonunique, can be helpful for the modeling of accurate ⑀ c ͑r͒.
In this paper a procedure is proposed to construct ⑀ xc and ⑀ c numerically using correlated first-and second-order density matrices from ab initio calculations. This scheme is applicable to an arbitrary many-electron system, however, in this paper we restrict its application to two-electron systems. ⑀ c ͑r͒ as well as its kinetic t c ͑r͒ and potential w c ͑r͒ components are obtained for the He atom and H 2 molecule ͑in the latter case for both equilibrium internuclear distance and near-dissociation limit͒. The corresponding functions e c ͑r͒ are compared with the gradient-dependent models e c mod (r) of Perdew and Wang ͑PW͒, 5, 6 Lee, Yang, and Parr ͑LYP͒, 7 Wilson and Levy, 8 and also with some local models. 9, 10 To fur-ther examine the observed trends, the form of e c mod (r) is investigated for the Be 2 and F 2 molecules and E c values are calculated and discussed for a number of atomic and molecular systems.
II. DEFINITION AND CONSTRUCTION OF ⑀ xc AND ⑀ c
To define ⑀ xc and ⑀ c , we use the following expressions for E xc and E c :
The first terms of Eqs. ͑7͒ and ͑8͒ are the potential contributions to E xc and E c , with w xc and w c being potentials of the exchange-correlation and correlation holes, respectively, 1 ,r 2 ͒ are the diagonal part of the second-order density matrix and the paircorrelation function with the electron interaction /r 12 at full strength, ϭ1, while 2s ͑r 1 ,r 2 ͒ and g s ͑r 1 ,r 2 ͒ correspond to ϭ0, i.e., the one-determinantal wave function ⌿ s built from the Kohn-Sham orbitals i ͑r͒
͑11͒
w c ͑r͒ represents the potential of the full exchangecorrelation hole density minus the exchange-only hole density of the Kohn-Sham determinant, i.e., the potential of the Coulomb hole. Equations ͑7͒ and ͑8͒ have the same second term, which is the kinetic contribution to E c with the local potential v kin ͑r͒ being defined as follows:
In Eq. ͑12͒ ⌽͑s 1 ,x 2 ,...,x N ͉r 1 ͒ is the conditional probability amplitude 13 of the total wave function ⌿͑x 1 , 
͑15͒
From Eqs. ͑7͒ and ͑8͒ one can define ⑀ xc and ⑀ c as follows: 
Exchange in this case reduces to a pure electron selfinteraction and w c ͑r͒ transforms into
Function ͑20͒ contains interesting information about the local effect of the Coulomb correlation of two electrons with opposite spins. In this paper ⑀ c ͑r͒ ͓with its kinetic v kin ͑r͒ and potential ͑1/2͒w c ͑r͒ components͔ and e c ͑r͒ are obtained for the twoelectron He atom and H 2 molecule in order to study the local effect of correlation in these simple cases and to provide the first example of accurate correlation energy densities calculated from correlated wave functions. These functions has been obtained from full configuration interaction ͑CI͒ calculations of the ground states of He and H 2 in a basis of contracted Gaussian functions. For He the basis has been used, which was obtained in Refs. 12 and 25 by expansion of the Slater-type functions of a 5s,4p,3d basis 26 in six Gaussians ͑STF-6GF͒. CI calculation in this basis yields E c ϭϪ0.041 a.u., i.e., more than 97% of the correlation energy is recovered for He.
For the H 2 molecule calculations have been performed at the equilibrium distance R͑H-H͒ϭ1.401 a.u. and also in the near-dissociation limit at R͑H-H͒ϭ5.0 a.u. A basis with five s-and two p-type functions 27, 28 and an extra d-type Gaussian with the exponent ␣ϭ1.0 has been used for the H atoms. In this basis E c ϭϪ0.039 a.u. has been obtained for the equilibrium distance, which corresponds to more than 95% of the correlation energy. Calculation of ͑rЈ,r͒ and 2 ͑r 1 ,r 2 ͒ from the full CI wave functions with the subsequent construction of v kin ͑r͒ and w c ͑r͒ has been performed with a specialized density functional extension 12, 25 of the ab initio ATMOL package. 29 The functions ⑀ c ͑r͒ and e c ͑r͒ thus obtained will be presented and compared with the corresponding local and gradient-dependent models in the next sections.
III. MODEL FUNCTIONALS ⑀ c ([];r)
The model functionals ⑀ c ͓͔͑;r͒ to be compared here with each other and with those obtained from ab initio calculations are the local density approximation ͑LDA͒ in the parameterization of Perdew 
͑22͒
in a wide range of densities ͑here we consider closed-shell systems with the spin-polarization parameter being equal to zero͒. ⑀ c LDA (r s ) interpolates between the logarithmic dependence on r s in the high-density limit 31 and the inverse-power dependence on r s in the low-density limit ͑the Wigner crystal͒. 30 The PW model ⑀ c PW (r s ,"(r)) 5, 6 is the gradient extension of the LDA The parameters of H(r s ,"͑r͒͒ were fitted to reproduce integral ͑19͒ of the model correlation hole, the latter being obtained with the real space cut off of the correlation hole function of the second-order gradient expansion approximation ͑GEA͒.
4
The rest of the model functionals to be considered can be defined as Wigner-like functionals, which are represented with the following formula:
In the simplest case f 1 ϭ f 2 ϭ0 and Eq. ͑25͒ reduces to the LW function, 30 which interpolates between the inverse dependence on r s in the low-density limit and the typical correlation energy per electron for a certain type of systems for higher densities. Various modifications of the LW function were proposed in the literature with the parameters determined to reproduce correlation of the valence electrons in metals 9 or E c values of certain atoms. 32 In this paper we use the LW function with the parameters aϭϪ0.027 28 
formula ͑25͒ defines the Wilson-Levy ͑WL͒ functional. 8 Its parameters were fitted to reproduce the E c value for He and the scaling relations for the E c functional 35 for the eight above-mentioned atomic systems.
With f 1 ϭ0 and f 2 being a rather lengthy function of ͑r͒ and "͑r͒ ͑so we do not present it in the text͒ formula ͑25͒ defines the Lee-Yang-Parr ͑LYP͒ functional. 7 It was derived as the second-order gradient expansion of the Colle-Salvetti formula, 36 in which originally a parameter was fitted to reproduce the E c value for the He atom. We use the gradientonly representation of the LYP functional, which was obtained in Ref. 37 by partial integration.
In order to make a consistent comparison and in accordance with the original formulation of the LYP and WL functionals, the Hartree-Fock ͑HF͒ densities HF ͑r͒ have been used to calculate the model functionals e c mod (͓͔;r) and correlation energies E c for atoms and molecules, except for H 2 at Rϭ5.0 bohr, where the HF density differs strongly from the exact density and the Kohn-Sham orbital differs strongly from the HF orbital. 38 HF calculations have been performed with the GAMESS program package 39 in a triple zeta Gaussian basis set with additional 3d-polarization functions ͑Dun-ning's TZVP basis 40, 41 ͒. e c mod (͓͔;r) and E c have been calculated from the HF wave functions with the density functional program DETEDF. 33 A numerical integration by the Monte Carlo method 42 has been used to obtain E c values. The corresponding results will be presented and discussed in the next sections. Figure 1 displays ⑀ c (r) ͑r is the atomic radial coordinate͒ as well as its potential 1 2 w c (r) and kinetic v kin (r) components obtained from the full CI functions ͑rЈ,r͒ and 2 ͑r 1 ,r 2 ͒ for the He atom. The form of ⑀ c (r) is determined primarily by that of its potential component. Both ⑀ c and w c are everywhere negative functions, while v kin is everywhere positive. Both ⑀ c and w c are monotonous functions of r with their minima at the nucleus due to strong in-out correlation of the reference electron at rϭ0. Contrary to this, v kin is a rather shallow nonmonotonous function with a maximum that is placed near that of the radial density r 2 (r). Near the nucleus v kin goes closer to zero ͑note the exact asymptotics v s,kin (r↓0) ϭ 0 of the Kohn-Sham kinetic potential in this case. 11, 12 In Fig. 2 e c (r) obtained from the CI calculations and the the corresponding radial function 4r 2 e c (r) are compared with those of PW, LYP, WL, and LW models. The various functions e c appear to have quite different local behaviors. In particular, e c LYP and e c LW have a rather shallow form in the inner region rϽ0.3 a.u. ͓see Fig. 2͑a͔͒ , while e c , e c PW , and e c WL are appreciably more sharp functions of r. In this inner region the w c contribution dominates, which is just the potential of the Coulomb hole ͓cf. Eq. ͑10͔͒. It is known that the Coulomb hole in this region represents mostly in-out correlation, being negative around the nucleus and the position of the reference electron and becoming positive much further outwards. 38 The resulting negative w c and ⑀ c in this region are clearly underestimated by all model functionals ͑except for the nuclear peak of ⑀ c WL which has no energetic effect due to the vanishingly small volume͒. At larger r values, i.e., r in the region 0.5-1.4 a.u., where the Coulomb hole has a characteristic polarization shape, 38 all the model energy densities ⑀ c mod are larger ͑i.e., more negative͒ than ⑀ c , as is clearly visible in Fig. 2͑b͒ , where the radial weight factor 4r 2 makes this property stand out more clearly. All the radial functions corresponding to model energy densities have their maxima around rϭ0.5 a.u., while the maximum in e c occurs at somewhat shorter r ͑ca. 0.3͒. The PW, LYP, and WL radial functions have rather similar behavior in the region rϽ1.25 a.u., while the LW function is more diffuse and the exact 4r 2 e c (r) is relatively more contracted ͓see Fig.  2͑b͔͒ . It is evident from the shape of the various model 4r 2 e c mod that they may integrate to an E c value close to the one obtained from the exact e c since the underestimation for r values below ca. 0.4 a.u. will be compensated by the overestimation for larger r. Indeed, parameters in all of the model e c mod 's except PW have been adapted to achieve this exactly or approximately. Table I represents E c values for 13 closed-shell atomic systems calculated with the model functionals ⑀ c mod (r). In spite of the above-mentioned differences in the local behavior, all models yield for He E c values which are close to the conventional E c ϭϪ0.042 a.u. ͓to be more precise, one should mention a slight overestimation E c ϭϪ0.046 a.u. of the ͑nonempirical͒ PW model͔. The only exception is the LDA, which is not presented in Figs. 1 nor 2 but is included in Table I .
IV. RESULTS FOR ATOMS
The same trend holds in the general case of neutral atoms. LDA yields E c values which are about twice as large ͑in absolute magnitude͒ as the conventional ones and E c values of other models. This well-known feature of the LDA originates from the difference in correlation between the extended homogeneous electron gas model ͑which is represented by the LDA͒ and finite inhomogeneous atomic systems. 43 For the former system the Coulomb correlation of electrons with like spins brings about the same contribution to E c as that of the opposite-spin electrons. However, in finite atomic systems correlation of like-spin electrons is substantially suppressed by their exchange, so that it brings a small contribution to E c .
All other models considered yield rather close E c values for neutral atomic systems, which agree satisfactorily with the available empirical data. One can only mention some relative underestimation of correlation for heavier atoms in the LYP model ͑see Table I͒ . As a matter of fact, the least deviation from the conventional E c values is achieved in the WL model. On the other hand, one should note the success of the PW model, which without empirical parameters manages to describe adequately both the homogeneous electron gas ͑as its zero-gradient limit͒ and atoms.
For ionic systems the picture is less consistent. WL, LYP and, to a lesser extent, PW reproduce the conventional E c values for the two-electron Li ϩ and Be 2ϩ systems, while they fail to reproduce it for the four-electron Ne 6ϩ . However, the opposite trend is observed for the LW model. All functionals fail to reproduce accurately the E c value for the F Ϫ anion. To sum up, the results obtained illustrate a somewhat confused situation for the atomic applications of various ⑀ c models. In spite of their different functional form and local behavior, a number of ⑀ c mod functions yield rather close-lying satisfactory E c values. From the particular case of the He atom discussed above ͑see Fig. 2͒ one can assume that also for the general case there will be considerable local differences amongst the ⑀ c mod (r), and between the ⑀ c mod (r) and the exact ⑀ c (r), in the inner region as well as at large distances. As the differences in these regions have opposite sign, they do not affect the E c values due to cancellation. As has been demonstrated in this section all the ⑀ c mod , in spite of their differences ͑more diffuse or more contracted towards the nucleus; all more diffuse than e c ͒ can produce satisfactory overall E c values. Unfortunately, as will be shown in the next section, the molecular performance of ⑀ c models is not so satisfactory. 
V. RESULTS FOR MOLECULES
In Fig. 3 ⑀ c for H 2 is presented as the first example of a molecular correlation energy density obtained from the correlated ab initio ͑rЈ,r͒ and 2 ͑r 1 ,r 2 ͒. ⑀ c as well as its potential ͑1/2͒w c and kinetic v kin components are plotted for both equilibrium internuclear distance R͑H-H͒ϭ1.401 a.u. ͓Fig. 3͑a͔͒ and for large distance R͑H-H͒ϭ5.0 a.u. along the bond axis as a function of the distance z from the bond midpoint. The form of w c , v kin , and ⑀ c reflects the left-right electron correlation, the dominating correlation effect in H 2 . The notion of the left-right correlation implies that if the reference electron is in the neighborhood of the H nucleus, there is a large probability for the other electron to be in the neighborhood of the other H nucleus. Left-right correlation is greatly amplified in the dissociation limit due to the strong near-degeneracy effects.
The most noticeable features in Fig. 3 are the wells of w c (z) and ⑀ c (z) around the nucleus and the peaks of v kin (z) and ⑀ c (z) at the bond midpoint. The well of w c (z) with the minimum at the H nucleus reflects the appreciable reduction of the electron-electron repulsion in this region due to the left-right correlation. w c is the Coulomb hole potential ͓see Eq. ͑10͔͒ and is also a part of v xc ͑together with the potential from the Fermi hole it constitutes the total hole potential, which is an important part of v xc ͒. The attractive nature of w c will have the effect of making the density more compact around the H nuclei, which is precisely what is required in view of the much too diffuse density that results in an exchange-only treatment. 12 Closer to the bond midpoint, the left-right correlation becomes less important and w c (z) is closer to zero. Having the same qualitative features, the functions w c (z) for the equilibrium and large H-H distances differ quantitatively. The minimum of w c (z) for R͑H-H͒ϭ5.0 a.u. is about twice as deep as that for R͑H-H͒ϭ1.401, in accordance with the stronger near-degeneracy left-right correlation at large distance. On the other hand, the local maximum of w c (z) at the bond midpoint is much closer to zero for R͑H-H͒ϭ5.0. Indeed, when the reference electron is at the bond midpoint, which is in this case a region of very low density, we may expect hardly any Coulomb hole, since the symmetrical exchange hole of depth Ϫ͑r͒/2 will in this case already be a good description of the total exchangecorrelation hole.
Left-right correlation finds a spectacular way to manifest itself through the bond midpoint peak of v kin (z). 12 By definition ͑12͒, v kin ͑r͒ is determined by the average rate of change of the conditional amplitude ⌽͑s 1 ,x 2 ,...,x N ͉r 1 ͒ with changing position r 1 of the reference electron. ⌽ has the maximal gradient at the bond midpoint zϭ0, since when the reference electron crosses the bond midpoint, the other electron has to switch quickly from one atom to another due to the left-right correlation. As a consequence, v kin (z) pos-FIG. 3. Correlation energy density ⑀ c (z) and its components 0.5w c (z) and e kin (z) for H 2 at equilibrium distance ͑a͒ and near dissociation limit ͑b͒ along the bonding axis. The bond midpoint is at zϭ0.0 and hydrogen atomic position is at zϭ0.7 ͑a͒ or zϭ2.5 a.u. ͑b͒.
sesses a peak at zϭ0, which reflects the corresponding ''jump'' of the conditional amplitude. This peak becomes much higher for large H-H distance, because of increase of left-right correlation in the dissociation limit. We can also mention the nonmonotonous behavior of v kin (z) in Fig. 3͑a͒ , with a local minimum at the H nucleus. The exact v kin is not necessarily zero at the nucleus in this case, but clearly still exhibits this tendency.
The above-mentioned individual features of w c (z) and v kin (z) can be clearly recognized in the plots of the resulting ⑀ c (z). This is especially true for R͑H-H͒ϭ5.0 a.u. ͓see Fig.  3͑b͔͒ . In this case ⑀ c (z) inherits the bond midpoint peak of v kin (z) and the well around the nucleus of ͑1/2͒w c (z), with the height of the peak and the depth of the well being very close to those for v kin and ͑1/2͒w c . Because of this, ⑀ c becomes a sign-changing function: It is positive in the bond midpoint region, it changes sign near zϭ1 a.u.; and it is negative at larger z. For the equilibrium geometry, on the other hand, ⑀ c (z) is everywhere negative ͓see Fig. 3͑a͔͒ . In this case both ͑1/2͒w c (z) and v kin (z) have appreciable contributions to ⑀ c (z) at all z considered. Still, ⑀ c has the same qualitative features, namely, a maximum at the bond midpoint and a well around the H nucleus.
In Fig. 4 e c (z) obtained for H 2 from ab initio ͑rЈ,r͒ and 2 ͑r 1 ,r 2 ͒ is compared with those of the PW, LYP, WL, and LW models. As has been mentioned in Sec. III, the gradient models were parametrized from atomic data ͑LYP, WL͒ or obtained from the GEA for the inhomogeneous electron gas model with suitable cutoffs ͑PW͒. However, as regards the density gradients, there is a basic difference between atoms and molecules. For atoms ͉"͑r͉͒ is never small, while for molecules it is close to zero in the important bond midpoint region. One can expect also, that correlation effects in this molecular region differ from those in the homogeneous or weakly inhomogeneous electron gas models. Because of this, e c mod (r) may have rather accidental behavior in the bond midpoint region. Therefore, it is interesting to investigate the form of the model e c mod (z) and compare them with that of the exact e c (z) which, as has been shown for the corresponding function ⑀ c (z), embodies in a transparent manner the effects of correlation.
Considering first the bond region, Fig. 4͑a͒ shows a rather different behavior of the various energy density functions in the region between the nuclei for the equilibrium H-H distance. In complete analogy with ⑀ c (z), the characteristic feature of e c (z) in this region is the maximum ͑close to zero͒ at the bond midpoint. The PW, LYP, and LW models also have maxima at the bond midpoint, however, they are considerably more shallow functions of z than is e c (z). On the other hand, the Wilson-Levy energy density e c WL (z) is a much more negative function in the bond region, exhibiting a sharp minimum at zϭ0. This minimum seems to be an artifact of the WL function and it will appear for an arbitrary molecular system as a consequence of the functional form of the WL model ͓Eqs. ͑25͒-͑27͔͒ and the relation dӷb between the parameters of this model.
Near the nuclei the various model energy density functions are similar to those found for the He atom ͓compare Figs. 2͑a͒ and 4͑a͔͒, as may be expected from their dependence on the density. The wells of the exact e c around the nuclei are also reminiscent of the shape of e c in He, but it should be noted that the underlying correlation is very different: The Coulomb hole is now due to left-right correlation rather than to in-out correlation. This difference becomes manifest in the outer tail. Whereas in He the model energy densities become more negative than e c at distances from the nucleus larger than ca. 0.4 a.u., in H 2 e c remains more negative in the complete tail region ͓see Fig. 4͑a͒ for large values of z͔. This may be understood from the strong left-right correlation that will be present when the reference electron is at these positions. This difference in the physics of the correlation compared to He is clearly not recognized by the model correlation functionals. Obviously, there will again be compensation of errors, the model functionals giving more negative contributions around the bond midpoint. The failure of the models to describe properly the left-right correlation becomes very clear in the case where it becomes very strong, due to near-degeneracy, in the near-dissociation FIG. 4. Correlation energy density e c (z) and models e c mod (z) for H 2 at equilibrium distance ͑a͒ and near dissociation limit ͑b͒ along the bonding axis.
limit, R͑H-H͒ϭ5.0 a.u. ͓Fig. 4͑b͔͒. In this case e c mod (z) have been calculated with obtained with the CI, since the HF density ͑which we use to calculate e c mod in all other cases͒ differs substantially from the CI one for the dissociating H 2 molecule.
12 Figure 4͑b͒ shows that the e c (z) obtained from the correlated ͑rЈ,r͒ and 2 ͑r 1 ,r 2 ͒ possesses deep and wide wells around the nuclei. Contrary to this, all model functions exhibit much smaller wells around the nuclei. The model energy densities are completely determined by the electron density, which is practically the H atom density, and cannot recognize from this electron density the strong left-right correlation in the H 2 system with a concomitant deep Coulomb hole around the reference electron. They will in fact integrate to almost the same correlation energy ͑Ϫ0.03-Ϫ0.04 a.u.͒ as for the equilibrium H-H distance, whereas the exact e c will integrate to Ϫ0.3125 a.u. 44 As a matter of fact, the gradient corrected density functionals for exchange deviate by approximately the same amount from the exact exchange ͓cf. second term in Eq. ͑11͔͒, so that the total E xc mod is fairly accurate. This compensation of ''errors'' in the correlation functionals by opposite errors in the exchange functionals seems to be fairly systematic, resulting in accurate total E xc values from the existing gradient-corrected total functionals.
We note that the large peak in v kin at the bond midpoint ͓Fig. 3͑b͔͒ is much diminished by the multiplication by the small (z) at the bond midpoint but it is still visible in a small positive value of e c at zϭ0. The model e c mod are everywhere negative functions.
In order to examine if the observations made above apply to larger systems we briefly look at the e c mod (z) calculated for the Be 2 and F 2 molecules at their equilibrium bond distances. In Figs. 5͑a͒ and atomic shells ͓see Fig. 5͑a͔͒ . Since itself is a monotonous function of z in atomic regions, the LW model does not display the atomic shell structure. It is interesting to note, however, that, in spite of its dependence on ͉"͑r͉͒, the LYP model also does not show the shell structure in this case.
Unlike H 2 and F 2 , Be 2 is a system with a weak bond with contributions from the interatomic correlation ͑disper-sion forces͒ of electrons of two closed-shell Be atoms. Because of this, all e c mod (z) are close to zero in the bonding region of Be 2 ͓see Fig. 6͑a͒ ; note the difference in scale with Fig. 6͑b͔͒ . In particular, e c WL displays its characteristic bond midpoint minimum but with very small depth and shallow form. e c LYP exhibits in this case atomic shell structure with a maximum at zϷ1 a.u., while e c PW is a much more shallow function of z as compared to other gradient models.
Obviously, the differences amongst the model correlation energy densities are as large for these systems as they were found to be for H 2 and more work will be needed, including the calculation of accurate e c , to clarify the topology of these energy densities. Table II represents E c values calculated for 21 closedshell molecules with the PW, LYP, WL, and LW models. For H 2 the error compensation referred to above clearly is quite effective, the E c values obtained from the model functionals all yielding a reasonable estimate of the experimental number. In fact, for all the molecules all functionals yield similar, reasonable, E c values in spite of the considerable local differences between the energy densities. Considering the results more closely we note that the models produce appreciable deviations from the conventional empirical total E c e energies. 34 In quite a few cases for each functional these deviations exceed 0.05 a.u. Taking for instance for F 2 for the bond region the disk Ϫ1.0рzрϩ1.0, this region accounts for ca. 20% of the total E c , but its contribution already is more negative for WilsonLevy compared to the other models by a larger amount than the total E c is. So the atomic regions do give the largest contribution to E c , but do not cause the more negative value of the Wilson-Levy E c ͑actually they slightly counteract this effect of the bond region͒. This more negative bond region contribution of Wilson-Levy brings the E c values closer to the ''experimental'' E c e and in this sense accounts effectively for the strong near-degeneracy correlation effects in dimers. Usually, E c ͓͔ functionals derived from atomic data or from the electron gas model tend to underestimate correlation in dimers and this is true for the PW, LYP, and LW models ͑see Table II͒ . Still, as has been pointed out above, the bond midpoint minimum of e c WL is an artificial topological feature of the WL functional, which will appear independently of the presence or absence of the strong near-degeneracy correlation effects. Due to this, the WL model overestimates E c for hydrocarbons, for which the energetical effect of the neardegeneracy left-right correlation is not as strong as for multiply bonded dimers. It is also of course unsatisfactory that the bond midpoint behavior of the Wilson-Levy functional is opposite to the effect of strong left-right correlation as represented with the functions ⑀ c ͑r͒ and e c ͑r͒ obtained from the correlated ͑rЈ,r͒ and 2 ͑r 1 ,r 2 ͒. One can see from Figs. 3 and 4 that correlation produces a maximum ͑and not minimum͒ in the bond midpoint region.
VI. CONCLUSIONS
In this paper it has been proposed to construct the exchange-correlation and correlation energy densities from The present results show that, in spite of some success of the gradient models, further improvement of the DFT approximations to e c ͑r͒ is desirable, especially, to describe properly the correlation in molecular systems. The errors of the GGA correlation functionals in molecules with strong near-degeneracy correlation seem to be compensated systematically by opposite errors in the GGA exchange functionals ͑either Becke 46 or Perdew-Wang 6 ͒, explaining the success of the molecular applications of the generalized gradient approximation ͑GGA͒ reported recently. 6, 47 In those cases a combined treatment of exchange and correlation may be more useful.
As for correlation models, the functions ⑀ c ͑r͒ obtained from the correlated ͑rЈ,r͒ and 2 ͑r 1 ,r 2 ͒ can serve as a benchmark for successful models e c mod (r). The procedure presented in Sec. II allows to construct ⑀ c ͑r͒ and e c ͑r͒ for an arbitrary many-electron system, which opens new possibilities for the DFT modeling. When developing a new ⑀ c mod (r), one can take into account not only E c estimates or the scaling and asymptotic properties of the E c functional, but also the local behavior of the essentially accurate ⑀ c ͑r͒ obtained from ab initio wave functions for a representative set of atomic and molecular systems. A promising option is to approximate directly the potential ͑1/2͒w c ͑r͒ and kinetic v kin ͑r͒ components which, as has been shown in the present paper, have a characteristic form. The corresponding work as well as the application of the proposed procedure of ⑀ c ͑r͒ construction to systems with more than two electrons is in progress.
